Abstract Smith-Lemli-Opitz syndrome (SLOS) is caused by a genetic deficiency in 7-dehydrocholesterol (7-DHC) reductase (EC 1.3.1.21), the last enzyme of the cholesterol synthetic pathway. In SLOS, plasma cholesterol concentration is reduced and immediate precursor concentration (7-DHC) is elevated. Surprisingly, total sterol synthesis is reduced but HMG-CoA reductase activity, a rate-limiting enzyme in cholesterol synthesis is unaltered as judged by normal urinary excretion of mevalonic acid (MVA) (Pappu et al. J Lipid Res 43:1661-1669 , 2002 . These findings raise the possibility of increased diversion of MVA into the MVA shunt pathway away from sterol synthesis, by activation of the shunt pathway enzymes. To test this hypothesis, we measured the urinary excretion of 3-methylglutaconic acid (U-3MGC), a by-product of the shunt pathway, in 19 mildly to moderately severely affected SLOS subjects (ten males, nine females) receiving either a cholesterol-free or a high cholesterol diet, and in 20 age-and sex-matched controls. U-3MGC was similar in SLOS and controls, and was unaffected by dietary cholesterol intake. Further, no change in U-3MGC was observed in a subset of SLOS subjects (n09) receiving simvastatin. In contrast, U-MVA was reduced by cholesterol supplementation (~54%, p<0.05) and by simvastatin (~50%, p<0.04). There was no correlation between U-3MGC and either plasma sterol concentrations, urinary isoprenoids, or the subjects' clinical severity score. However U-3MGC was inversely correlated with age (p<0.04) and body weight (p<0.02), and higher in females than in males Communicated by: K.
(~65%, p<0.025). The data show that DHCR7 deficiency does not result in 3MGC accumulation in SLOS and suggest that the MVA shunt pathway is not activated in patients with the condition.
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Introduction
Smith-Lemli-Opitz syndrome (SLOS; MIM270400)) is a disorder of cholesterol synthesis caused by mutations in the DHCR7 gene (MIM602858) encoding 7-dehydrocholesterol reductase, the final enzyme in the cholesterol synthetic pathway (Wassif et al 1998; Waterham et al 1998; Fitzky et al 1998; Fig. 1) . Affected individuals typically exhibit multiple malformations and mental retardation (Smith et al 1964; Cunniff et al 1997; Kelley and Hennekam 2000; Bataille and Steiner 2000) . The features of SLOS are thought to be primarily related to cholesterol deficiency and accumulation of cholesterol precursors including 7-DHC and 8-dehydrocholesterol (8-DHC) (Tint et al 1994; Engelking et al 2006) . However, the clinical phenotype is not fully characterized, the biochemical pathogenesis is incompletely understood, and there is no proven therapy for this condition. Studies by our group suggest that enzyme deficiency results in cholesterol precursor accumulation and their metabolic diversion toward other branches of the cholesterol pathway. In particular, we have demonstrated that urinary excretion of dolichol and ubiquinone) is increased in SLOS (Pappu et al 2006) . Although some studies suggest that plasma and urinary dolichols are independently regulated (Humaloja et al. 1991; Roine et al. 1992) , our urinary findings suggest that in SLOS there is diversion of sterol precursor farnesyl-PP toward long-chain isoprenoids (Fig. 1) .
Distal cholesterol precursor accumulation as evidenced by increased long chain isoprenoids suggests that proximal precursors such as mevalonic acid (MVA) may accumulate as well. In a previous study however urinary MVA excretion (U-MVA), a known marker of cholesterol synthesis (Jones et al 1996; Parker et al 1984) was found to be the same in SLOS and controls (Pappu et al 2002) , while in another study cholesterol synthesis measured by sterol balance was shown to be reduced by 40% . To reconcile these findings, we postulated that in SLOS mevalonate is diverted toward other pathways. A logical candidate diversion pathway is the mevalonate shunt pathway originally described by Edmond and Popják (Edmond and Popják 1974) . In this pathway, mevalonate, is converted to isopentenyl-PP and dimethylallyl-PP (DMA-PP) and then to 3-methylglutaconyl-CoA via oxidative metabolism instead of being used as building blocks for the synthesis of cholesterol ( Fig. 1) (Schroepfer 1981) . 3-Methylglutaconyl-CoA is then either excreted in the urine as 3-methylglutaconic acid (3MGC), or further metabolized in the mitochondria to acetyl-CoA and acetoacetyl-CoA. Although 3MGC is also a product of the leucine degradation pathway and can accumulate in the urine when mitochondrial function is impaired (Sweetman and Williams 2001) , 3MGC is considered a marker of the MVA shunt pathway activity and its increased excretion in the urine may reflect increased MVA diversion through the shunt pathway. One study suggests that such diversion may occur in SLOS (Kelley and Kratz 1995) . However in that study, the increase in blood and urine 3MGC was only observed in a few, severely affected SLOS patients and the study findings have not been subsequently confirmed by other investigators. Further, it is possible that mitochondrial function is altered in severe SLOS as a consequence of altered membrane structure (Tulenko et al 2006) or accumulation of toxic 7-DHC-derived oxysterols (Gramajo et al 2010; Xu et al 2010; Korade et al 2010) . Impaired mitochondrial function could theoretically result in an increase in urinary 3MGC without any contribution from the MVA shunt pathway. In summary, the increase in urinary 3MGC excretion reported previously in SLOS does not seem to be a universal phenomenon and may not be related to MVA diversion through the shunt pathway.
Our primary objective was thus to measure U-3MGC in SLOS and confirm Kelley and Kratz's previous findings in a broader group of patients. We also sought to determine if U-3MGC was affected by cholesterol supplementation, a standard intervention in SLOS, and by simvastatin, a proposed investigational treatment in SLOS patients already receiving cholesterol supplementation. We predicted that if 3MGC was reflecting MVA shunt activity, U-3MGC would decrease with dietary cholesterol supplementation, a regimen known to decrease HMG-CoA reductase activity and down-regulate endogenous cholesterol synthesis, and that simvastatin would further decrease U-3MGC as a consequence of direct HMGCoA reductase inhibition and reduction in mevalonate and short-chain isoprenoid synthesis.
Materials and methods

Subjects
Subjects were part of an on-going longitudinal study of SLOS which started in 1995. In this study, SLOS patients who agreed to participate are invited to undergo comprehensive clinical, behavioral, cognitive, and metabolic investigations during regular visits to the Oregon Health & Science University (OHSU) Pediatric Clinical and Translational Research Center of the Oregon Clinical and Translational Research Institute. Included in these assessments are blood draws and 24-hr urine collections. All subjects are studied while receiving a high cholesterol diet (SLOS-HI group; Linck et al 2000) . However, as part of the study protocol, they are also asked to follow for one month a very low cholesterol (essentially cholesterol-free) diet (SLOS-LO) at the end of which their When in parenthesis, the arrows indicate putative changes. In SLOS, 7-dehydrocholesterol reductase (7-DHC reductase) deficiency causes low cholesterol, 7-DHC accumulation and diversion of 7-DHC precursors toward dolichol and ubiquinone, whereas mevalonate (MVA) is normal. Short-chain isoprenoid precursor 3,3'-dimethylallyl pyrophosphate (DMA-PP) may also accumulate as a consequence of 7-DHC reductase deficiency. DMA-PP may be metabolized into 3-methylglutaconyl-CoA via the shunt pathway and excreted in the urine as 3MGC (pathway 1). Alternatively, 3-methylglutaconyl-CoA may be converted to HMG-CoA by mitochondrial 3MGC-CoA hydratase and further converted to CO 2 or fatty acids (pathway 2). 3-Methylglutaconic acid is also a byproduct of the mitochondrial leucine catabolic pathway (pathway 3). Hence, in SLOS, increased U-3MGC may be caused by 1) increased diversion of MVA through the shunt pathway secondary to either MVA accumulation and overflow or activation of the enzymes of the MVA shunt pathway, or 2) impaired mitochondrial function, a potential consequence of altered cell membrane structure (Tulenko et al 2006) metabolic phenotype is characterized without the influence of the high cholesterol diet. Not all subjects enrolled in the study agreed to follow the cholesterol-free diet, fearing that it may worsen their condition. For the 3MGC study, we selected subjects whose urine had been collected at least twice, once at the end of their cholesterol-free diet period, and once while receiving the high cholesterol diet.
Altogether, we identified 19 SLOS subjects (nine males, ten females) with paired samples (i.e., one collected during the cholesterol-free period and another collected while receiving cholesterol). SLOS diagnosis was confirmed in all by plasma sterol and DNA mutation analysis (Table 1) . Subjects were on average 6.1±1.5 years-old (mean ± SE) and weighed 19.6±3.7 kg when studied at the end of the cholesterol-free period. They were 7.3 ± 1.5 years and weighed 22.8±4.6 kg when studied while receiving cholesterol. The difference in daily cholesterol intake between the HI and LO periods was 494.6±113.2 mg/day on average. The disease severity score, assigned according to the method of Kratz and Kelley (Kratz and Kelley 1999) was 15.2 on average (maximum of 100), ranging from 5 to 35 (Table 1) . Thus the subjects were mildly to moderately severely affected.
Subjects in the study are also offered to participate in a sub-study of the effects of simvastatin in SLOS. Again, not all subjects agreed to take simvastatin and among the 19 subjects with paired (LO vs. HI cholesterol) urine samples, only nine had paired simvastatin samples. On average, this subset of SLOS subjects (six males, three females) had a severity score of 13.0 (range 5 to 35), and was 5.4±2.0 years old when studied in the absence of simvastatin (HI cholesterol diet only) and 7.6±2.0 years old when receiving both HI cholesterol and simvastatin (Table 2) . At the time of their second urine collection, the patients had been taking simvastatin for 1.2±0.2 years, and the average simvastatin daily dose was approximately 0.23 mg/kg/day.
Controls were also recruited, mostly among siblings of affected children. They included 20 children (ten males, ten females; 4.9±1.0 years of age; 23.4±6.3 kg body weight). All subjects were consented and the study was approved by the OHSU Institutional Review Board.
Blood and urine sample collection Urine samples were collected between 1997 and 2008. They were kept at -20°C as part of the OHSU SLOS sample repository, a companion to our longitudinal study. The samples were assayed for 3MGC, MVA and creatinine (to adjust for collection loss and to normalize results). They were also assayed for dolichol and coenzyme Q (CoQ) whenever there was enough sample to perform these assays. In the youngest subjects, urine was extracted from diapers . Blood draws were performed in SLOS subjects only, not in controls. Samples were collected by venipuncture and assayed for cholesterol, 7-DHC and 8-DHC.
Blood and urine chemistry 3MGC was measured using a method recently established in our laboratory as modified from Kelley (Kelley 1993) . In brief, the samples were spiked with 0.5 μmoles of 2,2-dimethylglutaric acid as internal standard, acidified, extracted into ethyl acetate, dried and derivatized with N, O-bis(trimethylsilyl)trifluoroacetamide (BSTFA). Analyses were performed using a gas chromatograph equipped with a mass spectrometry detector and a splitless injection into an HP5 column (Agilent GCMS 5975, Agilent Technologies, Wilmington, DE). Authentic 3MGC (cis-β-methylglutaconic acid) was used during the validation of the assay. It was prepared by the alkaline hydrolysis (10 % aqueous KOH, at ambient temperature, overnight) of ethyl isodehydroacetate (5 g, SIGMA-ALDRICH, St. Louis, MO). The product was isolated by repeated ether extraction of the acidified cold mixture and prolonged removal of ether under vacuum which eventually produced a solid, 2.6 g, melting from 74°C -110°C. When dissolved in 40 ml of ether a crystalline precipitate (2.6 g, melting from 115°C -125°C) was produced at -12°C very slowly. Two more crystallizations from ether resulted in 0.31 g of a beige solid with a melting point of 149°C, similar to authentic 3MGC (Feist 1906; Jackman and Wiley 1958 1  5  R242C  V466M  2  6  P51S  IVS8-1G>C  3  6  C380Y  IVS8-1G>C  4  10  R450L  IVS8-1G>C  5  10  R450L  IVS8-1G>C  6  10  T154M  IVS8-1G>C  7  11  A247V  IVS8-1G>C  8  11  F302L  L470Q  9  11  A247V  IVS8-1G>C  10  15  W151X  S169L   11  17  F302L  L470Q  12  17  F284L  V325L  13  17  F302L  L470Q  14  20  T93M  V326L  15  20  M1V*  Q98X  16  22  R352W  IVS8-1G>C  17  25  R404C  G410S  18  30  Y462H  IVS8-1G>C  19  35  T93M  IVS8-1G>C * loss of a start codon.
CDCl 3 , Si(CH 3 ) 4 00: δ 2 05.89 ppm, T-Quart., J 2CH3 01. (Fig. 2a) . The target ions were 273 for 3MGC (qualifying ion 198; Fig. 2b ) and 289 (qualifying ion 204) for the internal standard (not shown). 3MGC and the internal standard had the same retention time (~12.4 min; Fig. 2c ). Within-run variation (coefficient of variation) was 7% (for an average of 3.6 picomoles injected, n010) and 5% (for an average of 32.8 pmoles injected, n010). Withinsubject day-to-day variation was 9% (subject 1, average U-3MGC04.0±0.2 nmol/μmol creatinine; n05 consecutive days) and 13% (subject 2, average U-3MGC 011.4 ± 0.7 nmol/mmol creatinine; n05 consecutive days). Dolichol and CoQ measurements were performed by reverse-phase high performance liquid chromatography (Pappu et al 2006) . Intra-and interassay variations for dolichol were <8%, and <5% for CoQ. Mevalonate was determined using the radioenzymatic isotope dilution method we reported previously (Pappu et al 1989) . Plasma cholesterol (pl-Chol), plasma 7-DHC and plasma 8-DHC concentrations were determined by gas chromatography (Merkens et al 2004) . A subset of the dolichol, CoQ, MVA and sterol data presented in this report have been reported in part in a previous publication (Pappu et al 2006) . New measurements from samples not analyzed at the time of the previous publication, were, however performed to match the current 3MGC data set, thus increasing the power of correlative analyses between U-3MGC and other metabolites of the cholesterol pathway.
Statistics
Statistical analyses were performed using Statgraphics 5.1 Plus (Manugistics Inc., Rockville, Md., U.S.A.). Group data are expressed as mean ± SE. Unpaired (Control vs. SLOS) and paired (LO vs. HI cholesterol or +/-simvastatin) t tests (twotailed) were used to compare groups, with p values ≤0.05 indicating a significant difference. Correlations were examined using simple linear regression, general linear regression models that included categorical and continuous variables, or non-parametric rank correlation analysis when appropriate.
Results
The results of the 3MGC analyses are presented in Tables 2  and 3 together with other biochemical parameters. Table 2 shows group data for the SLOS subjects on LO and HI cholesterol, and for control subjects, whereas Table 3 shows group data for the SLOS subgroup with pre and post simvastatin samples. **** pl-7-DHC in healthy children: 0.03±0.01 mM (Cunniff et al. 1997) On average, U-3MGC was similar in controls and SLOS, whether SLOS subjects were studied on a cholesterol-free diet or on a cholesterol-supplemented diet. U-3MGC decreased from 12.2±1.9 nmol/μmol creatinine (SLOS-LO) to 9.9± 1.2 nmol/μmol creatinine (SLOS-HI), but the change was not statistically significant. The urinary excretion of mevalonate was also similar in controls and SLOS. However, unlike U-3MGC, U-MVA was significantly lower (by approximately 54%) in SLOS samples collected during the cholesterol supplementation phase than in those collected during the cholesterol-free phase (p<0.05). In contrast, the urinary excretion of dolichol (U-dolichol) and CoQ (U-CoQ) was significantly elevated in SLOS-LO as compared to controls (~340% and 420% increase, p<0.035 and p<0.007 for U-dolichol and U-CoQ respectively as compared to controls), but was not significantly affected by dietary cholesterol intake (Table 2) .
Interestingly, we noted a difference in dolichol chain length between SLOS patients on a cholesterol-free diet and controls (Fig. 3) . Dolichols elute in nine distinct peaks which we identified as fractions 1 to 9. These fractions include dolichols with chain lengths varying from 80 to 115 carbons (16 to 23 isoprene units) for fractions 1 to 8, and dolichols of chain lengths higher than 115 carbons (fraction 9). The data show a significant difference in chain length profile between controls and the SLOS-LO group (χ 2 048.4, p<0.001), with the SLOS group having on average longer dolichols than controls (fraction 8 is approximately 2.5 fold higher in SLOS than in controls, p<0.001) whereas fractions 5 and 7 are respectively decreased by 97% (p<0.02) and 92% (p00.015) in SLOS-LO as compared to controls. The data also shows a decrease in fractions 1-4 and 6, and a slight increase in fraction 9, but these differences were not statistically significant. No change in dolichol chain length profile was observed in SLOS patients when treated either with cholesterol supplementation or with simvastatin (data not shown).
SLOS subjects on cholesterol-free diet had low plasma cholesterol concentrations, on average about half of those expected in a healthy, age-matched population (Kwiterovich 1991) , and had detectable and measurable concentrations of 7-DHC and 8-DHC in their plasma ( Table 2 ). The high cholesterol diet significantly increased pl-Chol by~20% (p<0.001) but did not affect either 7-DHC or 8-DHC concentrations. However, it reduced the [7-DHC +8-DHC]-to-Chol ratio (~30%, p<0.02), a ratio which has been used as a metabolic index of disease severity (Wassif et al 1998) (Table 2) .
Simvastatin significantly lowered urinary mevalonate excretion by approximately 50% on average (from 415 ± 70 nmol/μmol creatinine to 261±61 nmol/μmol creatinine, p<0.008, Fig. 4a ), but did not change the urinary excretion of 3MGC (9.7 ± 2.0 nmol/μmol creatinine vs. 10.5 ± 2.1 nmol/μmol creatinine for no simvastatin and simvastatin respectively; NS, Fig. 4b ), dolichol (301±175 ng/mg creatinine vs. 84±35 ng/mg creatinine; p00.242, paired t test), and Co-Q (179±68 ng/mg creatinine vs. 707±404 ng/mg creatinine; p00.151, paired t test). Simvastatin did not change the urinary dolichol chain length profile (data not shown) and did not change plasma cholesterol, 7-DHC and 8-DHC concentrations (Table 3) .
We next examined whether U-3MGC was correlated with markers of disease severity. We found no significant relationship between U-3MGC (SLOS-LO and SLOS-HI) and the clinical severity score (not shown). Similarly, there was no relationship between U-3MGC and either plasma cholesterol, 7-DHC or the ratio of [7-DHC+8-DHC] to cholesterol (data not shown). We also examined whether 3MGC excretion was correlated with the urinary excretion of long-chain isoprenoids in SLOS, and found no significant relationship between U-3MGC and either U-dolichol or U-CoQ (data not shown).
Last, we sought to determine if there was a correlation between 3MGC and MVA, 3MGC's closely related precursor within the mevalonate shunt pathway. No significant relationship was found, whether this relationship was examined in SLOS (SLOS-LO and SLOS-HI), controls, or the combined SLOS + control group (Fig. 5) .
Because there was no indication that U-3MGC was altered in SLOS, Control and SLOS (SLOS-LO) 3MGC data were pooled and examined for possible relationship with subject characteristics. Overall, U-3MGC was inversely related to age (Pearson rank correlation coefficient0-0.34, p< 0.036) and body weight (Pearson rank correlation coefficient0-0.37, p<0.02). As illustrated in Fig. 6 , these were not direct relationships: the data showed a sharp drop of U-3MGC in the first 2 years of life (Fig. 6a) or when body weight increased to approximately 10 kg (Fig. 6b) followed by a slow decline as subjects were older or heavier. A gender difference was also observed, with males having lower U-3MGC (8.1±1.6 nmol/μmol creatinine; n019) than females (13.4±1.5 nmol/μmol creatinine; n020) (p00.025; Fig. 7) .
We last postulated that subtle differences in gender and age (or body weight) between SLOS and control subjects might have masked group difference. We thus further analyzed our data using the following general linear regression model: [U-3MGC] 0 (a * LOG (body weight or age)) + (b * group) + (c * gender) + d (with a, b, c, and d being constants). This analysis did not reveal any significant group difference and thus confirmed our univariate 3MGC data analysis.
Discussion
U-3MGC is not elevated in SLOS at least in mildly or moderately severely affected patients. An increase in 3MGC plasma concentration and urine excretion was reported earlier by Kelley and Kratz (Kelley and Kratz 1995) in the "younger, more severely affected SLOS patients with lower cholesterol levels" suggesting that more severe enzyme defects leads to more shunting of mevalonate and short-chain isoprenoids. The results of the present study do not support this hypothesis. Although we did not measure plasma 3MGC concentration in our study, we found no evidence for increased 3MGC urine excretion, even in the most severely affected subjects. The three SLOS subjects with the highest clinical severity scores in our study (25, 30 and 35) had U-3MGC of 11.4, 11.8 and 6.0 nmol/μmol creatinine respectively, i.e. well within the range of U-3MGC values in control subjects (9.5±2.8 nmol/μmol creatinine, mean ± 2SE). Since Kelley had previously reported that U-3MGC decreased with age (Kelley 1993), we attempted to adjust our comparison between control and SLOS subjects for age (and body weight) on the premise that the differences between the results of Kelley's study and ours might be related to age difference. This analysis yielded no evidence for a significant U-3MGC difference between SLOS and control subjects. It could be that our study did Table 3 Effect of simvastatin on urinary (U-) and plasma (pl-) cholesterol metabolism parameters in SLOS subjects (n09) treated with dietary cholesterol supplementation (SLOS-HI). Cholesterol intake was 444±55 mg/day and 389±44 mg/day for the "simvastatin" and "no simvastatin" groups respectively) not include enough severely affected subjects. Kelley's report however indicates that only 5 of the 17 patients with severe type II SLOS had elevated plasma and urine 3MGC. Thus, the accumulation of 3MGC that these investigators reported may not have been related to disease severity. Further, the patients with the highest 3MGC concentrations had the lowest plasma cholesterol concentrations but not the highest 7-DHC concentration, hence they may not have had the most severe DHCR7 deficiency. In brief, the model whereby DHCR7 block would lead to MVA accumulation and overflow into the shunt pathway to be excreted as 3MGC seems to be flawed. A normal 3MGC urinary excretion also seem to exclude the possibility of impaired mitochondrial oxidative function. One could propose that in SLOS, diversion toward 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA), and then to ketone bodies, fatty acids or CO 2 (pathway 2 in Fig. 1 ) offsets a potential excess of 3-methylglutaconyl-CoA coming from MVA, and maintains U-3MGC within normal range. However, without evidence that either ketone bodies (e.g., β-hydroxybutyrate), MVA-derived CO 2 production or fatty acid synthesis are elevated, one must conclude that steady-state 3-MGC level is normal in SLOS.
Quite interestingly, U-3MGC varies by gender, being lower in males than in females. The significant gender difference persists after adjustment for age and cannot be explained by differences in muscle mass since U-3MGC is normalized by creatinine excretion. This finding bears further exploration which may benefit our understanding of metabolic diseases that show established 3-methylglutaconic aciduria.
The present study confirms with additional data our previous report of increased urinary excretion of dolichol and CoQ in SLOS (Pappu et al 2006) . Taken together with normal MVA and 3MGC excretion, the long-chain isoprenoid data suggest that the enzymatic block in SLOS leads to increased synthesis of long-chain isoprenoids. It is tempting to speculate that the increase in isoprenoid urinary excretion is a consequence of an overflow of cholesterol precursors Relationship between urinary excretion of 3-MGC and U-MVA in controls (◊), SLOS-LO (▲), SLOS-HI ( ) and SLOS-HI treated with simvastatin (•). There was no significant correlation between U-3MGC and U-MVA either within each group or when all groups were pooled into the isoprenoid synthesis pathway. However, this scenario seems unlikely. Studies have shown that isoprenoid hepatic concentrations and rates of synthesis are not modified under conditions that greatly alter cholesterologenesis (Keller and Vilsaint 1993) . These studies were performed in the rat though and the consequences of cholesterol synthesis deficiency may have a different impact on branched pathways in humans. Interestingly, the Keller and Vilsaint study showed that isoprenoid chain length increases with tissue mevalonate concentration. In our study, dolichol chain length was significantly increased in SLOS subjects on a cholesterol-free diet as compared to controls, suggesting that mevalonate accumulation and diversion into longerchain isoprenoids occur in SLOS. However, neither supplementation with dietary cholesterol nor treatment with simvastatin which both significantly decreased urinary mevalonate excretion, changed urinary dolichol chain length or dolichol urinary excretion. Thus, it seems that in SLOS, increased urinary dolichol excretion may be secondary to a constitutive increase in the activity of the enzymes of the dolichol synthesis pathway rather than to an increased diversion of mevalonate and sterol precursors into this pathway. It is important to also note that urinary dolichol excretion is not necessarily related to plasma dolichols and may only reflect local renal synthesis (Humaloja et al 1991; Roine et al 1992) . Thus, it is possible that whole body isoprenoid pool size is not increased in SLOS. Unfortunately we did not collect blood in control subjects and did not have enough blood sample left in the SLOS group to further explore this possibility. Whether or not increased urinary isoprenoid excretion is an adaptive response to impaired DHCR7 deficiency will need to be explored in future studies using patients' cells in culture or animal models of the disease.
The significant decrease in U-MVA observed in SLOS subjects given a high cholesterol diet or the combination simvastatin and high cholesterol diet indicates that HMGCoA reductase activity is normally regulated in SLOS by exogenous cholesterol (down-regulation) and by specific inhibitors (simvastatin). The data thus suggest unaltered feed-back regulation of HMG-CoA reductase (HMGR) activity in SLOS as anticipated from the results of several animal and in vitro studies (Chambers et al 1997; Xu et al 1995; Fitzky et al 2001) . To have a functional, "responsive" HMG-CoA reductase amenable to feedback regulation is important because it may prove useful in developing treatments for SLOS. Indeed, it has been suggested that in SLOS, inhibition of HMGR with dietary cholesterol, Fig. 7 Urinary excretion of 3MGC (U-3MGC) in males (n019) and females (n020) (mean +1 SE) simvastatin or a combination of both may reduce the tissue accumulation of toxic cholesterol precursors (7-DHC and 8-DHC) and ameliorate the clinical phenotype (Jira et al 2000) . Surprisingly, we did not observe any significant decrease in 7-DHC (or 8-DHC) after cholesterol supplementation or treatment with simvastatin. It is possible though that the massive dietary cholesterol intake so profoundly down-regulated the expression of the LDL receptor that LDL clearance was reduced. Because 7-DHC, like cholesterol, is transported by LDL and other apo-B containing lipoproteins, its plasma clearance may have been reduced as well, thus resulting in unchanged steady-state plasma 7-DHC concentrations.
In conclusion, the data show that U-3MGC is not elevated in SLOS at least in mildly or moderately severely affected patients. The fact that U-3MGC is not correlated with the clinical or biochemical phenotype or affected by dietary cholesterol supplementation or treatment with simvastatin is further evidence that active mevalonate shunting is unlikely to be involved in the pathogenesis of SLOS, and is not a likely future target for therapy development.
